−1 ) 3 He-rich solar energetic particles (SEPs) have been commonly associated with jets originating in small, compact active regions at the periphery of near-equatorial coronal holes. Sources of relatively rare, high-energy (>10 MeV nucleon −1 ) 3 Herich SEPs remain unexplored. Here we present two of the most intense 3 He-rich ( 3 He/ 4 He>1) SEP events of the current solar cycle 24 measured on the Advanced Composition Explorer at energy >10 MeV nucleon −1 . Although 3 He shows high intensities, Z>2 ions are below the detection threshold. The events are accompanied by type-III radio bursts, but no type-II emission as typically seen for suprathermal 3 He-rich SEPs. The corresponding solar sources were analyzed using high-resolution, extreme-ultraviolet imaging and photospheric magnetic field observations on the Solar Dynamics Observatory. We find the sources of these events associated with jets originating at the boundary of large sunspots with complex βγδ magnetic configuration. Thus, details of the underlying photospheric field apparently are important to produce 3 He to high energies in the examined events.
1. INTRODUCTION 3 He-rich solar energetic particles (SEPs) are characterized by a peculiar ion composition markedly different from the corona or solar wind (e.g., Kocharov & Kocharov 1984; Mason 2007) . The abundance of 3 He is enhanced by factors up to 10 4 ; heavy (Ne-Fe) and ultra-heavy ions (Z>30) show enhancement by factors ∼3-10 and >100, respectively, independently of 3 He enhancement (Mason et al. 1986 (Mason et al. , 2004 Reames et al. 1994; Reames & Ng 2004) .
3 He-rich SEPs are firmly associated with type-III radio bursts (e.g., Nitta et al. 2006) and their parent low-energy electrons (e.g., Wang et al. 2012) . A distinct composition of 3 He-rich SEPs is believed to indicate a unique acceleration mechanism op-erating in their solar sources. Variety of models have been proposed for ion acceleration in 3 He-rich SEP events (see review by Miller 1998) . Most models involve ion-cyclotron resonance with plasma waves. Solar sources of 3 He-rich SEPs have been associated with coronal jets (e.g., Kahler et al. 2001; Wang et al. 2006a; Nitta et al. 2006 Nitta et al. , 2008 Nitta et al. , 2015 Bučík et al. 2014 Bučík et al. , 2018 Chen et al. 2015) , indicating acceleration in magnetic reconnection on field lines open to interplanetary space (e.g., Shimojo & Shibata 2000) . The events with high 3 He and heavy-ion enrichments have shown unwinding motions in jets Innes et al. 2016; Bučík et al. 2018) . In some events, jets were accompanied by large-scale propagating coronal fronts (Nitta et al. 2015; Bučík et al. 2016) . Jets in 3 Herich SEP events have been found to originate at the compact, small active regions near the coronal holes (Wang et al. 2006a; Pick et al. 2006; Bučík et al. 2018 ). There are reports on 3 He-rich jets from a plage re-gion (Chen et al. 2015) or sunspot umbra (Nitta et al. 2008) . All these studies are based on ion measurements below a few MeV nucleon −1 . Solar sources of relatively rare, high-energy (>10 MeV nucleon −1 ) 3 He-rich SEP events remain unexplored although these events were for the first time detected at 10-100 MeV nucleon −1 (Hsieh & Simpson 1970) . In this Letter, we have examined the solar sources of the two most intense high-energy (>10 MeV nucleon −1 ) 3 He-rich SEP events of the present solar cycle 24 (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) . We report that solar sources of these events are associated with jets originating at the boundary of large sunspots with complex magnetic configuration. . The EPHIN has a similar measurement principle as SIS but a smaller geometric factor. Low-energy abundances were examined using the Ultra Low Energy Isotope Spectrometer (ULEIS; Mason et al. 1998) on ACE. The ULEIS is a time-of-flight mass spectrometer that measures ions in the energy range from 20 keV nucleon −1 to several MeV nucleon −1 . We also make use of energetic electron measurements made by 3DP EESA-H and SST telescopes (Lin et al. 1995) on Wind, solar wind measurements made by SWEPAM (McComas et al. 1998 ) and MAG (Smith et al. 1998 ) on ACE. ACE, SOHO, and Wind were in the interplanetary space at the L1 point.
The solar sources of 3 He-rich SEPs were investigated using high-resolution observations from the Atmospheric Imaging Assembly (AIA; Lemen et al. 2012) and Helioseismic and Magnetic Imager (HMI; Scherrer et al. 2012 ) on the Solar Dynamics Observatory (SDO). The AIA provides full-disk images of the Sun with 1.5 ′′ spatial and 12 s temporal resolution at seven EUV and three UV wavelength channels. We use 304, 171 and 193Å channels that observe emissions from He II (∼0.08 MK), Fe IX (∼0.8 MK) and Fe XII (∼1.5 MK) lines, respectively. The HMI provides full-disk line-of-sight magnetograms and continuum intensity images with a spatial resolution of 1 ′′ and a cadence of 45 s. We also inspect Wind WAVES (Bougeret et al. 1995) radio spectra for the event associated type-III burst. The frequency range of WAVES (<14 MHz) covers emissions generated from about two solar radii to 1 au. Furthermore, we make use of soft X-ray observations from the NOAA GOES-15 XRS sensor.
3. RESULTS 3.1.
3 He-rich SEP events Figure 1 shows the energetic particle and solar wind plasma measurements for two examined 3 He-rich SEP events and the associated radio and soft X-ray activity. Figure 1 (a) displays Wind/WAVES radio spectrograms and the GOES X-ray fluxes. Figure 1( Figure  1 indicates that after the shock passage the 3 He intensity starts to increase while 4 He intensity decreases. The opposite time-intensity profiles suggest that the event onset near the shock passage was most likely coincidental. The shock on Wind has been reported at Harvard-Smithsonian Center for Astrophysics IP Shock Database (https://www.cfa.harvard.edu/shocks/). The corresponding IP coronal mass ejection (ICME) can be found in the list of the Near-Earth ICMEs (http://www. srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2. html). To confirm the solar origin of the 2011 February 18 event we examined the ULEIS/SIS He mass spectrograms of individual ions in the energy ranges 0.4-1.0 and 7.6-16.3 MeV nucleon −1 , available at the ACE science center (http://www.srl.caltech.edu/ACE/ASC/DATA/ level3/sis/heplots). The spectrograms indicate the velocity dispersive onset for the 2011 February 18 event. In 0.4-1.0 and 7.6-16.3 MeV nucleon −1 energy ranges the first 3 He ions appeared at ∼05-06 UT and ∼02-03 UT, respectively. The time lag between the onsets (3 hr) is consistent with the propagation time difference (257 − 63 minutes) for ions in these two energy intervals traveling from Sun to L1 along the nominal Parker field line. The 2011 February 18 event is included in a statistical study of Fe-rich SEP events in 1995-2013 (Reames et al. 2014) with Fe/O = 1.34 ± 0.20 (at 3-4 MeV nucleon −1 ). Note that the intensity of Z>2 ions, including Fe, at energy >10 MeV nucleon −1 on SIS was below the measurable level for both events. The ULEIS confirms that at low energies both events are Fe-rich with Fe/O∼1 (see Table 1 ). Soft energy spectra and low Z>2 abundances (relative to He) in 3 He-rich events frequently preclude SIS detection of these elements. Solar energetic electrons were not clearly measured in the 2011 February 18 event due to enhanced background related to the preceding gradual SEP event and the passage of the IP shock. Furthermore, the electron channels at ≥108 keV were contaminated by protons. Note that the SST data were corrected for scattered electrons that leave only a fraction of their energy in the detector (Wang et al. 2006b ). An association with type-III radio burst is rather straightforward as there were no other significant type-III bursts in the 11-hr interval before the event start time. The event associated type-III burst on February 17 21:32 UT was accompanied by a C3.1 Xray flare (see Figure 1(a) , left panel). The associations are consistent with the analysis by Reames et al. (2014) . The 2015 August 24 event was accompanied by two consecutive solar energetic electron events, separated by ∼1 hr. For this reason, the first electron intensity enhancement, notably weaker (measured at < 100 keV) than the second, is not well resolved. Each electron event is associated with a double type-III burst; in the first electron event, the type-III bursts are separated by 4 minutes and in the second event by 8 minutes. The type-III bursts on August 24 06:16 and 06:20 UT, related to the first electron event, occurred near a double X-ray flux enhancement (see Figure 1(a) , right panel) corresponding to the C3.2 and C2.3 flares. The high cadence 3 He ( 4 He) mass histograms at 10.5 (8.9) MeV nucleon −1 . The SIS energy intervals correspond to intervals of ranges of ions (depths in the detector stack), resulting in a slightly lower energy per nucleon for 4 He than for 3 He.
EUV images suggest that type-III burst at 06:16 UT is likely unrelated to the C3.2 flare (see Section 3.2). The type-III bursts on August 24 7:22 and 7:30 UT, related to the second electron event, were accompanied by C1.3 and M5.6 flares, respectively. The C1.3 flare, not well resolved from elevated X-ray flux during the decay phase of previous stronger flare, was identified with the help of 0.5-4Å GOES channel. None of the examined events have type-II bursts arising from coronal shocks. The events were accompanied by only slow CMEs (see Table  1 ). Figure 2 shows 4 He, 3 He ULEIS and SIS fluence spectra for the two examined events. The He mass histograms integrated over the duration of the events are embedded in Figure 2 . The 4 He fluence in the February 18 event should be treated as upper limit due to the possibility of a contribution from the preceding event. Note that the 3 He intensity increase on August 25 (see Figure  1 (b), right panel), probably associated with the same active region as the August 24 event, is not included in the calculation of the event characteristics. Missing ULEIS spectral points (five for 3 He and one for 4 He) for the August 24 event means that the fluence was near the lowest measurable level (zero or one count in the integrated period). It is surprising that below ∼1 MeV nucleon −1 the 2015 August 24 event is at the threshold level, though at >10 MeV nucleon −1 it is one of the most intense 3 Herich events in the solar cycle. The energy spectra are roughly consistent with double power laws where slopes are harder below ∼1.5 MeV nucleon −1 . Table 1 summarizes the characteristics of the examined events. Column 1 gives the particle event start date, column 2 the 3 He-rich period where fluences/abundances were determined. Columns 3 and 4 indicate the average 3 He/ 4 He ratio and the aver- Columns 5 and 6 give the 3 He/ 4 He and Fe/O ratio at 0.546 MeV nucleon −1 , respectively. Column 7 gives the type-III burst start time as observed by Wind/WAVES. Columns 8 and 9 indicate the GOES X-ray flare class and start time, respectively. Column 10 shows the flare location as observed in SDO/AIA 304Å channel. Columns 11 and 12 give the CME speed and width, respectively, obtained from the SOHO LASCO catalog.
Solar Sources
To localize the solar source of the 3 He-rich SEP events, we have examined high-cadence, full-disk SDO EUV images for flaring around the time of the event associated type-III bursts. Figures 3(a)-(c) show the basedifference images at 193Å, revealing jets at the type-III burst times. Associated animations show the progress of flaring activity for several minutes around the type-III bursts. Note the relatively large longitudinal (∼45
• ) separation between the L1 magnetic foot-point and the associated jets in the August 24 event. The foot-point longitude of the Parker spiral connecting L1 was determined from the measured solar wind speed at the type-III burst onset time. In the February 18 event the jet was accompanied by a faint larger-scale front propagating northward; in the August 24 event the jets evolved to a wider eruption.
To have a more detailed view on the event associated jets and the underlying photospheric magnetic field, Figures 3(d)-(f) show two-color composite images where the EUV 304Å channel corresponds to green and the line-of-sight magnetic field to red (+black). The black and light-red areas indicate regions with strong magnetic fields of negative and positive polarity, respectively. The images are shown at times of the event associated type-III bursts (see the animation for other times). In both events, the EUV jets are rooted at the boundary of a large sunspot at the interface with the minor (positive) polarity field. In the February event, the magnetic fields of opposite polarities were separated by about 15 ′′ ; in the August event, the fields were closely adjacent. The jet in the February event shows a complex helical structure with unwinding counterclockwise motion. The jets in the August event show a structured spire with no obvious rotation. The jet at the onset of the M5.6 flare in the August 24 event was less clearly visible. The animation shows that type-III burst on August 24 06:16 UT coincides with the jet at the sunspot boundary and not with C3.2 flare at 06:13 UT (the first X-ray flux increase in Figure 1 line-of-sight magnetic field. Here coronal loops, connecting the fields of opposite polarities, and peripheral fan structures are clearly seen. Strikingly the jets are not colocated with these large-scale coronal structures which were visible in the sunspots before the events. The jet in the August event appears more complex in 171Å, but a rotation (as in the February event) is not observed. Figure 4 (bottom) shows the corresponding HMI continuum with over-plotted contours of high (95th percentile) level of intensity from the 171Å image. The jets in both events appear to be rooted near the sunspot penumbra.
AR 11158, associated with the 2011 February 18 event, emerged in the eastern solar hemisphere on February 11. According to the Solar Event List (ftp://ftp. swpc.noaa.gov/pub/warehouse), AR 11158 produced 1 B-, 56 C-, 5 M-, and 1 X-class flare during its disk transit. AR 11158 consisted of two major emerging bipoles that showed complex sunspot motion and interaction (e.g., Jiang et al. 2012) . AR 12403, associated with the 2015 August 24 event, also contains two major bipoles. AR 12403 appeared near the eastern limb on August 17. During its disk transit, AR 12403 produced 34 B-, 84 C-, 11 M-class flares. Both ARs show a less common βγδ 1 magnetic classification. The βγδ class has been reported in ∼4% of all ARs in 1992-2015 (Jaeggli & Norton 2016) . According to USAF/NOAA Sunspot Group reports (https://www.ngdc.noaa.gov/stp/space-weather/ solar-data/solar-features/sunspot-regions/usaf mwl/), AR 12403 was among the ten largest ARs in the present solar cycle. The maximum reported area was 1320 millionths of the solar hemisphere. The maximum area of AR 11158 was 670.
DISCUSSION AND SUMMARY
We have examined the solar sources of the two most intense high-energy (>10 MeV nucleon −1 ) 3 He-rich SEP events of the current solar cycle. We have found that the solar sources of the 3 He-rich SEPs were structured jets -in one case with an untwisting motion. A striking feature of the investigated events is their association with jets originating at the boundaries of large and complex sunspots with βγδ magnetic class. The sunspots pro-duced numerous (63 and 129) X-ray flares during their disk transit. The August 24 event was accompanied by four type-III bursts within one hour, suggesting that the extreme 3 He intensity may be related to unresolved multiple ion injections. The February 18 event was associated with only a single type-III burst.
Solar sources of high-energy (>10 MeV nucleon −1 ) 3 He-rich SEPs have not been specifically tackled in previous studies. Nitta et al. (2015) have reported that about 1/2 (13 out of 29) of their events have energetic 3 He measured at >4.9 MeV nucleon −1 where eleven events were associated with jets or ejections and two with coronal waves. One of those events was associated with a helical jet from an active region near a coronal hole . Four events in Nitta et al. (2015) that do not show 3 He at SIS high energies were associated with jets from a plage region (Chen et al. 2015) . Bučík et al. (2016) have found that a quarter (8 out of 32) of the events in their survey have 3 He measured at >7.6 MeV nucleon −1 where six events were associated with coronal waves (where a few started as a jet) and two with brightening. No information on the photospheric field has been reported for these events. The only 3 He-rich SEP event associated with sunspot umbral jet did not show an extension of 3 He measurements to the SIS energy range (Nitta et al. 2008) .
The earlier works Torsti et al. 2003) have suggested that high-energies of 3 He-rich SEPs may be due to re-acceleration in coronal shocks. This is unlikely in the events reported here that were accompanied by faint CMEs without a coronal shock signature. An enhancement of suprathermal 3 He in IP shock events has been reported in Desai et al. (2001) . It has been suggested that the 3 He enhancement is due to an acceleration of remnants from prior 3 He-rich SEP events (Desai et al. 2001) or a solar particle event is swept up by the shock (Tsurutani et al. 2002) . Different time-intensity profiles for 3 He and 4 He and a velocity dispersive onset in the February 18 event indicate that the IP shock preceding the event might only marginally affect the 3 He enhancement. An association with jets from the edge of sunspots with complex magnetic configuration may be a distinct feature of high-energy 3 He-rich SEP events. It has been known that a large sunspot area and complex magnetic configuration are important to produce the largest flares (e.g., Sammis et al. 2000) . We plan to address such relation for production of high-energy 3 He-rich SEPs in the forthcoming statistical study.
